Both visual and proprioceptive information contribute to accurate limb movement, but 14 the mechanism of integration of these different modality signals for movement control 15 and learning remains controversial. Here, we aimed to elucidate the mechanism of 16 integration by examining motor adaptation when various combinations of visual and 17 proprioceptive perturbations were applied during reaching movements. We found that the 18 movement corrections by adaptation were explained by a mechanism known as a divisive 19 normalization, which was previously reported to be the mechanism underlying the 20 integration of multisensory signals in neurons. Furthermore, we found evidence that the 21 motor memory for each sensory modality was formed separately and the outputs from 22 these memories were integrated. These results provide a novel view of the utilization of 23 different sensory modality signals in motor control and adaptation. 24 25
INTRODUCTION 26
When we perform a motor skill, we rely on multiple sensory information, primarily vision 27 and proprioception. Using a golf approach shot as an example, the visual system offers 28 information regarding the pin, ball, and obstacles (e.g., bunkers or water hazards), while 29 proprioceptive feedback offers information regarding the limbs and club. If we fail to 30 accomplish the desired shot, the sensorimotor system corrects the subsequent shot based 31 on the error between the actual and predicted sensory feedback, i.e., sensory prediction 32 error 1 . Experimental paradigms with visuomotor rotation 2 or force field perturbation 3,4 33 have demonstrated the contribution of both modalities of sensory prediction errors in 34 motor adaptation. 35 Importantly, the motor adaptation system receives sensory information from both 36 modalities simultaneously. The contribution of the information provided by each sensory 37 modality has been investigated by eliminating visual information 5 , recruiting blind 6 and 38 deafferent subjects 7,8 , or disturbing proprioceptive information 9 . However, the 39 computational principle of the utilization of the sensory information in the motor 40 adaptation system has not been fully elucidated. Previous studies have reported that 41 sensory signals in different modalities are Bayesian-optimally integrated to estimate the 42 size of object (haptic and vision 10 ) and to locate the perceived position of a limb 43 (proprioception and vision 11, 12 ). A straightforward solution would be that the error is 44 calculated by a similar optimal integration mechanism for motor adaptation. However, 45 such correspondence between the perception of error size and the error information 46 processing for motor adaptation is not necessarily guaranteed, because motor adaptation 47 could progress without awareness of movement error (i.e., implicitly), as was typically 48 observed when the perturbation size was gradually increased [13] [14] [15] [16] . 49
Indeed, this mechanism cannot explain the experimental result when various 50 amounts of errors are imposed during a reaching movement. Linear summation models 51
including the optimal integration model 10-12 predict that the aftereffect, which reflects the 52 size of the integrated error, should linearly increase with the error size. However, the 53 aftereffect does not increase with the size of an error, but instead saturates [17] [18] [19] . In order 54 to explain such a saturation effect, Wei and Kording 17 proposed that the greater 55 dissociation between visual and proprioceptive information reduces the relevance of the 56 error, which results in decreasing the gain of adaptation. In contrast, Marko et al. 19 from 57 their investigation on how the aftereffects are modulated with the sizes of visual and 58 proprioceptive errors, concluded that visual and proprioceptive errors independently 59 contributed to the aftereffect. However, an additional mechanism was needed to explain 60 the reduction in the adaptation gain with error size, which they considered as inherent 61 characteristics of the motor adaptation system. Critically, they also demonstrated that 62 even when the congruence between visual and proprioceptive information was 63 maintained, the saturation of aftereffect with the error size was still present, which was 64 inconsistent with the notion suggested by Wei and Kording 17 . As exemplified by this 65 inconsistency, we have not reached a coherent understanding of how sensory prediction 66 error is calculated from errors provided in different modalities. 67
More recently, another possible idea, divisive normalization, has been proposed 68 as a mechanism of multisensory integration. This idea suggests that the neuronal activity 69 is normalized by the pooled activities of neurons and is considered to be a canonical 70 neural computation in the brain 20 . Ohshiro et al. 21, 22 have demonstrated that the 71 multimodal (visual and vestibular) neuronal activity pattern can be explained by the 72 divisive normalization mechanism: The stimulus for one of the modalities, even if it did 73 not elicit any response in the multisensory neurons, could suppress the response to the 74 stimulus for another modality when both stimuli were simultaneously presented (cross-75 modal suppression). 76
If the neuronal circuit for motor adaptation has similar characteristics, it is 77 possible that the motor adaptation pattern induced by various combinations of visual and 78 proprioceptive errors follows the pattern predicted by the divisive normalization 79 mechanism. In this study, we explore this possibility that no previous studies have never 80 examined. Specifically, we considered the following divisive normalization model for 81 motor adaptation 23,24 : 82
where ( , ) is the aftereffect, and are the visual and proprioceptive error (or 84 perturbation) imposed during a reaching movement, respectively, and ) , + , ) , + , 85
and are constants (It should be noted that can be set to unity without loss of 86 generality). 87
In order to determine the shape of ( , ) experimentally, we need to precisely impose 88 various combinations of visual and proprioceptive errors with wide range of magnitudes. 89
The conventional experiments using force field and visual rotation are not appropriate for 90 this purpose because the size of error should randomly vary among trials. Thus, we 91 attempted to use the force channel method 25 to impose visual and proprioceptive errors 92 precisely and independently by deviating the visual cursor and hand movement directions 93 from a target direction. In the subsequent probe trial, the force channel method was also 94 used to measure the aftereffects to quantify the single-trial motor adaptation. The 95 experimental results demonstrate that the aftereffects reasonably followed the pattern 96 predicted by the divisive normalization mechanism (Eq. 1). 97
Another notable issue is at which stage the integration of visual and proprioceptive 98 information occurs. The straightforward interpretation is that a motor memory is updated 99 by the integrated error information 19 . However, there is an alternative interpretation that 100 each modality has its own motor memory 26 updated by divisively normalized error and 101 the outputs from both motor memories are integrated. Our experiment supports the second 102 interpretation that visual and proprioceptive memories are separately created and 103 integrated at the output stage. The divisively normalized integration mechanism proposed 104 in the present study provides novel insight into the integration of visual and 105 proprioceptive information for motor adaptation. 106
107

RESULTS
108
We sought to investigate how the aftereffects were induced by combinations of 109 perturbations for vision and proprioception. When participants performed 10 cm reaching 110 movements towards a front target, the cursor and hand movement trajectories were 111 independently perturbed toward different directions with a force channel 25 (Fig. 1a ). In 112 total, there were 35 combinations of visual perturbations ( Fig. 1a red, 7 patterns of cursor 113 directions, 0°, ± 15°, ± 30°, and ± 45°) and proprioceptive perturbations ( Fig. 1a blue, 5 114 patterns of hand directions, 0°, ± 15°, and ± 30°). In the subsequent probe trial toward the 115 front target, the force channel trial was also used to evaluate the aftereffect by measuring 116 the lateral force against the channel. After the probe trial, 2 null trials (without the force 117 channel) were performed to washout the possible adaptation effects (Fig. 1b ). The cursor 118 was continuously visible during movements in Experiment 1 (Online feedback condition, 119 opposite to the error imposed in the preceding perturbation trial. The aftereffect was 127 quantified as the integrated lateral force over the time interval from the force onset to the 128 time at the peak hand velocity (i.e., feedforward component: inset in Fig. 2c ). Notably, 129 not only the visual (Fig. 2c , one-way repeated measures ANOVA, F(6,54) = 21.979, p = 130 6.101 ´ 10 -13 ), but also the proprioceptive perturbation ( Fig. 2d , F(4,36) = 18.861, p = 1.934 131 ´ 10 -8 ) can elicit aftereffects, although the cursor safely reached the target, indicating that 132 the proprioceptive sensory prediction error was also used for motor adaptation 5,9 . 133 Furthermore, as reported in previous studies [17] [18] [19] 27 , the aftereffect did not increase 134 linearly with the size of perturbation. 135 136 proprioceptive perturbations (two-way repeated measures ANOVA, F(24,216) = 3.479, p = 151 5.233 ´ 10 -7 ), indicating that the effect of proprioceptive perturbation on visual 152 perturbation was not simply additive. Fig. 3f also suggests that the degree of modulation 153 with visual perturbation size (i.e., the amplitude of each line) decreased with additional 154 proprioceptive perturbations. To evaluate the size of the modulation, we calculated the 155 difference between the aftereffects for positive visual perturbations (15°, 30°, and 45°) 156 and those for negative visual perturbations (-15°, -30°, and -45°) ( Fig. 3g) . A one-way 157 repeated measures ANOVA indicated that the size of the modulation significantly 158 differed between the size of the proprioceptive perturbations (F(4,36) = 10.27, p = 1.518 ´ 159 10 -7 ). A post-hoc test revealed that the size of the modulation significantly decreased with 160 the size of the additional proprioceptive perturbation ( Fig. 3g ; p < 0.05 by Bonferroni-161
Aftereffects of combinations of visual and proprioceptive errors
Holm correction). 162
In the present experiment, there were five conditions in which the visual 163 perturbation was identical to the proprioceptive perturbation (i.e., 0°, ±15°, ±30°). In 164 these conditions, the relevance of the visual error was perfectly maintained, predicting 165 that the aftereffects were not saturated with the size of the error 17 . However, as indicated 166 in Fig. 3h , saturation of the aftereffects was still observed: the size of aftereffect for ±30° 167 was not larger than that for ±15° (-30° vs -15°, t(9) = 1.934, p = 0.0851; 30° vs 15°, t(9) = 168 1.631, p = 0.1372, respectively). In Experiment 1, the participants were exposed to visual and proprioceptive errors 194 during movement. Because multisensory integration can occur during movement 28-30 , the 195 sensorimotor system can automatically generate online feedback responses to 196 multisensory errors. Previous studies have suggested that the feedback responses function 197 as a teaching signal for motor adaptation 31,32 . Thus, it is possible that the divisive 198 normalization pattern in the aftereffects could reflect the feedback responses in the 199 preceding perturbation trial. In order to examine this possibility, we quantified the 200 feedback response as the integrated lateral force over the time interval from the time at 201 the peak handle velocity to movement termination (i.e., feedback component: Fig. 5a-f ). 202
The degree of modulation of the feedback response with visual perturbation size seems 203 relatively unchanged by the additional proprioceptive perturbation ( Fig. 5f ), which was 204 contrasted with that of the aftereffect (Fig. 3f ). This might indicate the smaller 205 contribution of normalization factor in a divisive normalization model as reflected by 206 smaller values of ) and + obtained by fitting the data with Eq. 1 (R 2 = 0.9780, ) = 207 3.20, + = 24.66, ) = 4.247 ´ 10 >1? , and + = 9.068 ´ 10 >? ) . 208
However, it should be noted that the feedback responses among the different 209 proprioceptive perturbations could not be directly compared, because the movement 210 directions were different. Thus, the difference in the pattern between the aftereffect (Fig.  211 3f) and the feedback response ( Fig. 5f ) cannot be solely ascribed to the involvement of 212 different mechanisms. To further investigate this issue, we performed Experiment 2 in 213 which the cursor was only visible immediately after movement completion (Fig. 1d ). In 214 this experiment, the visual information was not provided during reaching movements to 215 eliminate the online feedback response to the visual perturbation. Nevertheless, the 216 aftereffect still exhibited a divisive normalization pattern (R 2 = 0.9403, ) = 2.902, 217 + = 34.90 , ) = 0.0055 , and + = 0.1434 , Fig. 5g-l) . Therefore, the divisive 218 normalization pattern of the aftereffects observed in Experiment 1 (Fig. 3f ) could not be 219 fully explained by the feedback response ( Fig. 5f ). 220
221
The stage of integration of visual and proprioceptive information 222 A remaining question was at which stage the visual and proprioceptive 223 information are integrated. There are two possibilities: the modality-shared motor 224 memory model ( Fig. 6a ) or the modality-specific motor memory model (Fig. 6b ). The 225 modality-shared motor memory model ( Fig. 6a ) assumes that visual and proprioceptive 226 sensory prediction errors are used to estimate a single integrated error according to a 227 divisive normalization mechanism and this integrated error is used for updating a motor 228 memory. In contrast to this ordinary interpretation of multisensory integration, the 229 modality-specific motor memory model ( Fig. 6b ) assumes that each modality has its own 230 motor memory separately updated, and then the outputs from these motor memories are 231 integrated (See also Supplementary Information). 232 Experiment 3 was designed to determine which model was more likely (Fig. 6c , 233 d). Fourteen participants (12 male and 2 female, 20-25 years old) reached towards a 234 frontal target while receiving the gradually increasing visual and proprioceptive 235 perturbations in the opposite directions for 60 trials (perturbation phase). We measured 236 the aftereffects during the following 50 force channel trials toward the same front target 237 (washout phase: both visual and proprioceptive perturbations were turned off) by 238 quantifying the lateral force against the force channel. The participants were instructed to 239 aim towards the frontal target consistently throughout the experiment. 240
The modality-shared motor memory model predicts that the aftereffect after the 241 completion of perturbation phase (i.e., the memory content), though it is expected to be 242 suppressed due to the perturbations in the opposite directions, should merely decay during 243 washout trials (Fig. 7a ). In contrast, the modality-specific motor memory model could 244 demonstrate a totally different behavior when a particular condition is met. Since this 245 model has modality-specific motor memories, each motor memory could develop the 246 memory content in the opposite directions (Fig. 7b ). If the time-constant of trial-247 dependent decay is different between the memories, the motor memory of slower 248 modality could emerge as the washout trials progress (Fig. 7b) . 249
As expected from the opposite directions of the visual and proprioceptive 250 perturbations, significant aftereffects were absent in the beginning of the washout trials 251 ( Fig. 7c : t(13) = 0.013, p = 0.9898). However, as the washout phase progressed, the 252 aftereffect began to emerge in the direction opposite to that of the proprioceptive 253 perturbation (i.e., in the direction of the visual perturbation), reached a maximum, and 254 then decayed (Fig. 7c) . Therefore, the experimental result supported the modality-specific 255 motor memory model ( Figs. 6b and 7b) . A similar trial-dependent aftereffect pattern 256 could be reproduced by the state space model implementing the memory integration 257 mechanism (Supplementary Information). 258
259
DISCUSSION
260
We investigated the utilization of visual and proprioceptive information in motor 261 adaptation by precisely imposing various perturbation combinations using a force channel 262 method. The present results indicate that the aftereffect was dependent on the visual and 263 proprioceptive errors in a highly complicated manner (Figs. 2 and 3 ), and this pattern was 264 reasonably explained by the divisive normalization mechanism (Fig. 4) . Furthermore, we 265 demonstrated that the visual and proprioceptive motor memories were likely created 266 independently ( Figs. 6 and 7) . proprioceptive perturbation. However, this was not the case in the current study, as clearly 274 demonstrated by the presence of a significant interaction in the aftereffects between the 275 visual and proprioceptive perturbations (Fig. 3f ). The contradiction was likely derived 276 from the fact that our experiment imposed a wider range of visual and proprioceptive 277 errors; in the previous study, the error size was < 15° (estimated from their data) and the 278 combinations of opposite perturbation directions were not tested. 279
Another important theory of multisensory integration is the Bayesian theory. 280
According to this theory, the sensory prediction error can be estimated by a linear 281 summation of the visual and proprioceptive errors and the relative weights are determined 282 by the signal reliabilities. More reliable sensory information has a greater weight and the 283 estimated error is biased toward more reliable sensory information 10-12,33 . Clearly, the 284 simple Bayesian model cannot explain the saturation of aftereffects with error size 285 (Supplementary Information). 286
One plausible solution is to assume that the reliability of sensory information 287 depends on the signal intensity 34, 35 . Consider the case in which the size of the visual 288 perturbation increases while the proprioceptive perturbation is maintained at zero. If the 289 reliability of the visual error information decreases with the error size, the integrated error 290 should be more biased toward the hand direction (i.e., proprioception). Thus, the 291 aftereffect, which reflects the estimated error size, should not increase with the visual 292 perturbation size, which explains the saturation of aftereffect with perturbation size (Fig.  293 2a, b). 294 However, the model's prediction was not consistent with our results in the several 295 points (Supplementary Information). First, when the sizes of visual and proprioceptive 296 perturbation are identical, the bias of the estimated error toward a more reliable error was 297 absent, which should eliminate the saturation effect. However, reduction in the aftereffect 298 with error size was still observable 19 (Fig. 3h) . Second, the modulation of the aftereffect 299 with the visual perturbation size decreased when proprioceptive perturbation was 300 additionally introduced ( Fig. 3g ). However, this modified Bayesian theory provides the 301 opposite prediction that the modulation increased. Taken together, the mechanism based 302 on the Bayesian theory cannot explain our results. 303
304
The aftereffect pattern is explained by a divisive normalization 305 mechanism 306 Divisive normalization is proposed as a canonical neural computation mechanism 307 in the brain 20 . The explanatory power extends from the neural activities in the retina, 308 primary visual cortex, primary auditory cortex, olfactory system, middle temporal area, 309 and parietal cortex, to the psychophysical features of perceptual decision making, value-310 based decision making, face-attractiveness evaluation, and attention 21,22,36-44 . Many 311 previous studies have also incorporated this mechanism into the neural network model 45-312 48 . 313
We found that the divisive normalization model could reasonably reproduce the 314 complicated dependence of the aftereffect on visual and proprioceptive perturbations. 315
Ohshiro et al. 21, 22 demonstrated that the divisive normalization mechanism can account 316 for the response of multisensory neurons encoding vestibular and visual signals. The 317 neural response to both modalities signals is smaller than the summation of the activity 318 in response to sensory signals presented individually (cross-modal suppression), which is 319 considered to be the signature of the divisive normalization mechanism. In our 320 experiment, the aftereffect demonstrated a cross-modal suppression-like phenomenon; 321 the aftereffect of combinations of visual and proprioceptive perturbations was smaller 322 than the summation of the aftereffects of each perturbation (e.g., | (30,30)| < 323 | (30, 0)| + | (0, 30)| in Fig. 3f ). 324
We believe that this is the first behavioral demonstration of the divisive 325 normalization mechanism accounting for the motor adaptation to visual and 326 proprioceptive errors. This mechanism can explain not only why the aftereffects saturate 327 with error size, but also the complicated dependence on visual and proprioceptive errors 328 ( Fig. 3f and Fig. 4a ). However, there are several remaining issues that need to be 329 investigated. First, the link between the response at the behavior level and the response 330 at the neuronal circuit level remains unknown. A recent study 49 has reported that the 331 divisive normalization mechanism accounts for the neuronal response in the superior 332 parietal lobule, which receives visual and proprioceptive signals, while monkeys 333 performed reaching movement. Although the post parietal area is known to be involved 334 in visuomotor control and learning 50-53 , it is still difficult to comprehend how this 335 knowledge can be unified with our finding. 336 Second, although the functional significance has been proposed from the 337 perspective of efficient coding of sensory information 20,54 , the functional role in the motor 338 adaptation system is unclear. Shadmehr et al. demonstrated that adaptation to a force field 339 in people with autism predominantly relied on proprioception 55,56 . They also illustrated 340 that aftereffects to combinations of them showed a complicated modulation between 341 healthy and autism people although aftereffects specific to visual or proprioceptive 342 perturbation were likely to be parallelly shifted 57 , implying the possibility that the 
Influence of online and endpoint feedback 353
According to the feedback error learning 31 , the feedback motor command is used as a 354 teaching signal to modify the motor command in the subsequent trial 32 . Thus, it is possible 355 that the divisive normalization pattern in the aftereffect reflects the feedback response 356 pattern. However, the patterns were considerably different between the aftereffect (Fig.  357 3f) and the feedback response (Fig. 5f ). Furthermore, the aftereffect in the endpoint 358 feedback condition exhibited the divisive normalization pattern (Fig. 5l) . Therefore, the 359 divisive normalization pattern in the aftereffect cannot be ascribed either to the feedback 360 response or to the endpoint error processing. 361
Notably, the considerably different patterns between Figs. 3f and 5l implied that 362 the neuronal processing of online and endpoint errors for motor adaptation are somehow 363 dissociated 59,60 . The sensitivity of the aftereffect to visual error was considerably 364 suppressed in the endpoint error feedback condition ( Fig. 3f vs Fig. 5l ), indicating that 365 the influence of the online proprioceptive error was dominant in the endpoint feedback 366 condition and that the contribution of online visual feedback was greater than that of 367 endpoint visual feedback in the production of the divisive normalization pattern. Further 368 studies are necessary to clarify how these two types of feedback are cooperatively 369 involved in creating the divisive normalization pattern in the aftereffect. 370 371 Modality-specific motor memory 372 Previous studies have investigated whether adaptation of visual rotation 373 (kinematic) and of a novel force field (dynamic) is dependently 61 or independently 374 accomplished 62 . The results of Experiment 3 are relevant to this problem because the 375 findings illustrated that motor memories for vision and proprioception are created 376 independently, and integrated at the output stages (Fig. 6b ). The notion of separate motor 377 memories for visual and proprioception has been previously proposed 26 , but their 378 conclusion that visual motor memory was dominant in motor adaptation is not consistent 379 with our finding that proprioceptive error had a substantial influence on the aftereffect of 380 visual error. This contradiction might result from their assumption that motor memories 381 are updated by the linear summation of both modality errors, which differed from our 382 scheme that indicated nonlinear integration. 383
The emergence of the aftereffect during the washout phase likely indicated that 384 the memory for proprioception has a slower time constant than does the memory for 385 vision (Fig. 7) . This might be consistent with the previous observation that, even after 386 adaptation to visual rotation, the elimination of visual feedback led the hand to move to 387 the preadapted direction 63 , implying that the adaptation of proprioception is slower. It has 388 been recognized that the adaptation to a novel dynamical environment is accomplished 389 by slow and fast adaptation processes 64 . Implicit and explicit motor learning have been 390 reported to correspond to slow and fast processes, respectively 65 , but our results indicate 391 a different possibility that slow and fast processes are related to proprioception and vision, 392 respectively. 393
In conclusion, we demonstrated that the motor adaptation system integrates visual 394 and proprioceptive errors information by a divisive normalization mechanism. 395 Furthermore, we found evidence that the motor memory for each sensory modality was 396 formed separately and the outputs from these memories were integrated. These results 397 provide a novel view of the utilization of different sensory modality signals in motor 398 control and adaptation. After 0.5 -0.7 seconds, the target color turned to magenta, which was the "go" cue. The 415
participants were asked to move the handle of the KINARM robot straight towards the 416 target as smoothly as possible. In Experiments 1 and 3, the cursor (diameter: 10 mm) 417
representing the position of the handle was continuously visible, while the cursor was 418 visible only after the reaching movement was complete in Experiment 2. At the end of 419 each trial, a warning message ("fast" or "slow") appeared when the movement speeds 420 were too fast (> 450 mm/s) or too slow (< 250 mm/s). The participants maintained the 421 hand position at the end of the movement until the robot automatically returned the handle 422 to the starting position (for 1.5 s). The force channel method in the perturbation trial (see 423 the next section) could not allow the participants to correct the movement trajectories. 424
Thus, the cursor could never reach the target under the presence of visual perturbations 425 in Experiments 1 and 3. Similarly, in Experiment 2, the participants were unable to know 426 the movement distance until completion of the movement. The participants practiced so 427 that they could terminate the movement at the appropriate distance (the actual movement 428 distance was 9.85 ± 0.1 cm). In Experiment 1 (ten participants: eight males and two females, aged 21-25 years) and 434 Experiment 2 (ten participants: six males and four females, aged 21-31 years), we 435 examined a single-trial motor adaptation induced by 35 combinations of seven visual (± 436 45°, ± 30°, ± 15°, and 0°; Fig. 1a red) and five proprioceptive perturbations (± 30°, ± 15°, 437 and 0°; Fig. 1a blue) . These perturbations were applied by constraining the hand trajectory 438 in a straight line using the force channel method 25 . The force channel was created by a 439 virtual spring (6000 N/m) and dumper (100 N/[m/s]) in the perpendicular direction to the 440 straight path of the movement. This procedure enabled us to completely control the sizes 441 of the visual and proprioceptive error in the same angular unit (°). In the following probe 442 trial, the lateral force against the force channel was measured to evaluate the aftereffect 443 ( Fig. 1a gray) . One set consisted of a perturbation trial (one of 35 combinations was 444 pseudo-randomly selected) and a probe trial followed by two ordinary null trials (without 445 the force channel) to washout the adaptation effect (Fig. 1b) . The cursor was always 446 visible (online feedback: Fig. 1c ) in Experiment 1, while the cursor was only visible after 447 the completion of the reaching movement (endpoint feedback: Fig. 1d ) in Experiment 2. 448 449 Experiment 3 450 We then aimed to determine the stage at which the visual and proprioceptive information 451 is integrated. There are two potential models: the modality-shared motor memory model 452 ( Fig. 6a ) or the modality-specific motor memory model (Fig. 6b ). The modality-shared 453 motor memory model ( Fig. 6a ) assumes that visual and proprioceptive sensory prediction 454 errors are used to estimate a single integrated error according to a divisive normalization 455 mechanism, and this integrated error is used for updating a motor memory. In contrast to 456 this ordinary interpretation of multisensory integration, the modality-specific motor 457 memory model (Fig. 6b ) assumes that the motor memories of each modality are separately 458 updated, and then the outputs from these motor memories are integrated (see 459
Supplementary Information). 460
Experiment 3 was designed to determine which model was more likely. Fourteen 461 participants (12 males and 2 females, aged 20-25 years) performed 131 reaching 462 movements in Experiment 3 (Fig. 6c, d) . After being familiarized to the procedures, they 463 performed reaching movements with the virtual channel in the baseline session (20 trials). 464
The participants were then exposed to the visual and proprioceptive perturbations 465 simultaneously in the perturbation session (61 trials). The degrees of perturbation were 466 gradually increased at a rate of 0.5° to 30°. The directions of the perturbations were 467 opposite and counter-balanced across the participants. In the subsequent washout session, 468 they again performed reaching movements with the virtual channel (50 trials). 469
The modality-shared motor memory model predicts that the aftereffect after the 470 completion of the perturbation phase (i.e., the memory content), although it is expected 471 to be suppressed due to perturbations in the opposite directions, should merely decay 472 during washout trials (Fig. 7a) . In contrast, the modality-specific motor memory model 473 could predict completely different behavior when a particular condition is met. Since this 474 model involves modality-specific motor memories, each motor memory could develop 475 the memory content in the opposite directions ( Fig. 7b ). If the time-constant of trial-476 dependent decay differs between the memories, the motor memory of the slower modality 477 could emerge as the washout trials progress (Fig. 7b) . 478 479 Data analysis 480 The position and force data of the handle were sampled at a rate of 1000 Hz and filtered 481 by a 4th ordered zero-lag Butterworth filter with cutoff a frequency of 10 Hz. The position 482 of the handle was numerically differentiated to obtain the handle velocity. We quantified 483 the aftereffect in the probe trials as the integrated lateral force over the time interval from 484 the force onset to the time at the peak handle velocity. We also quantified the amount of 485 online feedback force in the perturbation trials as the integrated lateral force over the time 486 interval from the time at the peak handle velocity to movement termination. 
Fig. 6. Possible integration scheme and the procedure of Experiment 3
In the modality-shared motor memory model (a), visual and proprioceptive errors are integrated by the divisive normalization mechanism to obtain the integrated error information. Motor memory is updated by the integrated error. In contrast, in the modalityspecific motor memory model (b), visual and proprioceptive memories are independently created. (c, d) Experiment 3 was designed to determine which integration scheme was more likely. After 20 force channel trials to the forward target, gradually increasing visual and proprioceptive perturbations were imposed in the opposite direction (60 trials). This perturbation phase was followed by a washout phase in which the force channel trials to the forward target were repeated (50 trials).
Fig. 7. Model predictions and experimental data of Experiment 3
The prediction of lateral force during the washout phase by the modality-shared motor memory model (a) and by the modality specific motor memory model (b). (c) The experimental results indicated that the aftereffect at the beginning of the washout phase was indistinguishable from that of the baseline trials. However, as the trials progressed, an aftereffect that was significantly greater than zero appeared and then decayed. The error bars represent the standard error across participants. The purple dots indicate the trials in which aftereffects that were significantly greater than zero (as determined by a t-test with false discovery correction) were observed.
